Abstract Flowlike landslides, such as flowslides and debris avalanches, have caused 12 serious infrastructure damage and casualties for centuries. Effective numerical 13 simulation incorporating accurate soil mechanical parameters is essential for 14 predicting post-failure landslide mobility. In this study, smoothed particle 15 hydrodynamics (SPH) incorporating soil ring shear test results was used to forecast 16 the long-runout mobility for a landslide on an unstable slope in China. 
Introduction 29
Flowlike landslides triggered by intense earthquakes or rainfall, such as debris and 30 rock avalanches, have caused serious infrastructure damage and casualties for 31 centuries (Okada et al. 2007 ; Wang et al. 2005 ). This kind of landslide is commonly 32 high-speed and has a long runout distance. For example, a large landslide in southern 33
Italy in February, 2010, had a runout distance of 1.2 km and necessitated the 34 evacuation of nearly 2,300 people. This landslide was triggered by heavy and 35 prolonged rainfall between August 2009 and February 2010 (Gattinoni et al. 2012) . 36
The 2009 Shiaolin landslide in Taiwan, induced by a cumulative rainfall of nearly 37 1700 mm from Typhoon Morakot, buried Shiaolin Village and resulted in more than 38 400 people dead and missing (Tsou et al. 2011) . Numerical simulations that 39 incorporate accurate soil mechanical parameters are a powerful tool for simulating 40 landslide runout distances; these simulations can provide fundamental reference 41 information for landside disaster mitigation (Yerro et al. 2016 ; Žic et al. 2015) . 42 finite element method (FEM) and the finite difference method (FDM), have the 48 shortcomings of grid distortion and low accuracy for the numerical analysis of a 49 landslide with a long runout. Recently, a new numerical method has been used to 50 overcome these limitations, namely the smoothed particle hydrodynamics method 51 (SPH) (Bui et al. 2008 ). This method is in the framework of continuum methods. SPH 52 is a pure Lagrangian, meshless hydrodynamics method and it is capable of simulating 53 flow deformation, free surfaces, and deformation boundaries (Liu and Liu 2003) . 
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The ground was first found to be unstable in May 2013. This instability was 115 manifested mainly by cracks in the ground surface and cracks in the 116 round-the-mountain road. The road was built for fire response services in May 2011. 117
The relevant departments repaired the damaged road immediately to guarantee the 118 normal operation of the road. However, addition evidence of instability was found in 119 the middle of August 2013 after a period of intense rainfall. The road was damaged 120 again and the trees up the hill began to tilt. Based on preliminary field investigation, 121 the main factors that triggered the landslide were deduced. 122
(1) Hydrogeology and rainfall 123
Rainfall is the main supply source of groundwater in the study area. The average 124 annual rainfall is 1635.6 mm. Most of the rain falls between April and September; this 125 rainfall accounts for 81% of the yearly precipitation. In the rainy season, the 126 groundwater level rise significantly and reduces the shear strength of the soil. 127
Combined with the rainfall flushing effect on the slope surface, the stability of the 128 slope is decreased significantly. 129
(2) Mechanical properties of landslide soil 130
The shallow part of the landslide is mainly composed of silty clay (Fig. 2) and a 131 strongly weathered mudstone soil with a low shear strength. These materials soften 132 and disintegrate when wet, thus the slope is stable in the dry season but shows signs 133 of instability in the rainy season. 134
Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-6 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. for the ring shear tests conducted for this study (Fig. 3) . The SRS 150 is a fully 146 automated electro-pneumatic and servo-controlled testing system used for 147 determining the residual strength of continuously sheared soil. Shear torques of up to 148 820 Nm can be applied, consolidation stress can be up to 1000 kPa, and unlimited 149 angular rotation is allowed (Dai et 
Sample preparation and test procedures 165
The samples studied were samples of the silty clay soil from the Dafushan landslide 166 shown in Fig. 2(b) . The soil's physical properties are listed in Table 1 . 167 Table 1 Physical properties of a soil from the Dafushan landslide. A series of ring shear tests were performed to determine the physical properties 169 of the landslide soil after it had been extensively sheared. The saturated soil sample 170 was first consolidated under a normal stress and then it was sheared to a residual state 171 under naturally drained conditions using the shear speed control mode of the ring 172 shear test system. For these tests, normal stresses of 50, 100, 200, 300, and 400 kPa 173 were used to consolidate the soil samples and different shear rates (1, 5, 10, 20 °/min) 174 were employed. Test parameters are listed in Table 2 . 175 Table 2 Consolidation stresses, shearing rates, and saturations for soil specimens subjected to 176 laboratory ring shear tests. 
Test results and discussion 178
(1) Axial stress 179 Figure 5 shows the relationships between shear stress and angular displacement 180 under a shear rate of 5 °/min and axial stresses of 50, 100, 200, 300, and 400 kPa. At 181 the same shear rate, shear strength increases with increasing axial stress. In the initial 182 shear stages, shear stresses increase rapidly along with shear displacement and reach a 183 peak shear strength. The greater the axial stresses, the larger the shear displacement at 184 peak shear strength. When the axial stress is low (e.g., 50 kPa and 100 kPa), the shear 185 stresses do not change after peak shear strength is reached. When the axial stress is 186 high (e.g., 200 kPa, 300 kPa, or 400 kPa), the shear stresses decrease after peak shear 187 strength but eventually stabilize. This stable strength is the residual shear strength and 188 is the result of strain softening. 189
Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-6 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. (2) Shear rate 210 Figure 7 shows the relationships between shear stress and angular deformation 211 under a normal stress of 200 kPa at shear rates of 1, 5, 10, and 20 °/min. As the shear 212 rate increases, the residual shear strengths increase slightly but the peak shear 213 strengths show the opposite reaction. However, the angular displacements at peak 214 shear strength increase significantly, as shown in Table 4 . 215 To analyze the relationship between the residual shear strength of the saturated 221 soil and the shear strain rate, the residual shear stress-shear strain rate curve can be 222 drawn (Fig. 8) . The formula for calculating the shear strain rate is: 223
where  is the shear strain rate, R is the average radius of the sample, ω is the 225 angular velocity, H is the sample height. 
where τ is shear stress, η is the coefficient of viscosity. The intercept f (σ) 232 represents the shear stress when the shear strain rate equals 0. 233 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-6 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
SPH-based numerical simulation for landslides 236

Calculation principles and SPH process methods 237
(1) Basic SPH concepts 238
Smoothed particle hydrodynamics is a mesh-free and fully Lagrangian method based 239 on fluid dynamics. In Lagrangian models, the coordinates move with the medium 240 being modeled. The continuous medium is discretized into a series of arbitrarily 241 distributed discrete elements (called particles) and field variables (like energy, 242 velocity, density, or any other variable) for each particle can be calculated in the form 243
of SPH (Dao et al. 2013; Huang and Dai 2014). 244
The SPH method is built on interpolation theory with two essential 245 approximations. These approximations are smoothing and the particle (Huang et al. 246 2014). The smoothing approximation, also known as kernel approximation, describes 247 a function in a continuous form as an integral representation. The particle 248 approximation means that the value of a function for a particle can be determined by 249
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where the angle brackets represent a kernel approximation, x is the location 255 vector of the particle, x' denotes neighboring particle in the support area, W is the 256 smoothing function, h stands for the smoothing length, Ω stands for the volume of the 257 integral that contains x, m is the mass, and ρ is the density, N is the total number of 258
particles. 259 (2) Governing equations 260
The Navier-Stokes equations in a computational fluid dynamics framework are used 261 as governing equations in this study. The equations of continuity and motion in the 262 SPH version can be expressed as: 263
where Wij represents the smoothing function of particle I calculated at particle j, t 266 is time, u denotes the velocity vector, σ is the stress tensor, F represents the vector of 267 external force, and α and β are the coordinate directions. The particles representing the slide mass are shown in red, the particles representing 308 the fixed boundary are shown in blue. 309 Table 5 lists the parameters used in the SPH simulation of the landslide. The 310 shear strength parameters listed in Table 5 , c and φ, are the values calculated from the 311 ring shear tests (Table 3) . 312 
Conclusions 368
In this study, the SPH method incorporating soil mechanical parameters derived from 369 ring shear tests is used to predict the flow of a potential landslide that could develop 370 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-6 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
